ABSTRACT The chromosomal replication origin (oriC) of Vibrio harveyi has been isolated on a plasmid and shown to function as an origin inEscherichia coli. The nucleotide sequence of the V. harveyi oriC was determined. From a comparison of this sequence with oriC sequences of five enteric bacteria, we derived a consensus sequence of bacterial origins that function in E. coli This consensus sequence identifies 122 positions within oriC where nucleotide substitutions can occur without loss of origin function. These positions are clustered rather than scattered. Four interrelated nine-base-pair repeats and eight of the dam methylation G-A-T-C sites are conserved in the consensus sequence. Very few relative insertion-deletion changes occur, and these are localized to one region of oriC. The genes for three polypeptides linked to the V. harveyi oriC were identified by using in vitro protein synthesis directed by deletion derivative plasmid templates. One of these genes, coding for a 58,000 Mr polypeptide and located 3.0 kilobase pairs from the V. harveyi oriC region, is lethal to E. coli when many copies (approximately 40 per cell) are present (high copy lethal or HCL gene). In addition, nucleotide sequence analysis showed that a different gene, the gid gene to the left of oriC, is highly conserved between E. coli and V. harveyi, whereas the coding region to the right of oriC is much less conserved.
By comparing the nucleotide sequences of different bacterial DNA replication origins (oriC) that function in Escherichia coli, we hope to determine which positions within oriC will tolerate changes and which require an invariant nucleotide to maintain origin function. This approach is similar to the one used for identifying the conserved -10 and -35 regions of promoters (1) . Such a comparison will also narrow the number of possible intrastrand secondary structures the origin might assume during the initiation process. Theipattern of homology observed when the origin sequences from E. coli (2, 3) , Salmonella typhimurium (4), Enterobacter aerogenes (5), Klebsiella pneumoniae (5), and Erwinia carotovora (6) , all members of the family Enterobacteriaceae, were compared (7, 8) was a clustering of nucleotide substitution-type differences interspersed with conserved regions up to 19 base pairs (bp) long. We show here that the replication origin from the marine bacterium Vibrio harveyi (9) , thought to be distantly related to the Enterobacteriaceae (10, 11) , functions in E. coli. Study of its sequence should contribute significantly to determining which nucleotides need not be strictly conserved for oriC function in E. coli.
To isolate origins from V. harveyi, we used a cloning vector that requires DNA polymerase I, the product of the polA gene, for replication. V. harveyi restriction fragments that allowed this vehicle to replicate in an E. coli polA mutant were selected.
None of the three different classes of V. harveyi DNA sequences that were obtained in this manner hybridize to the E. coli oriC region, nor do they complement E. coli mutations in genes known to be linked to oriC. One class of plasmids most likely contains the true V. harveyi chromosomal replication origin for the following reasons: (i) They alone hybridized to DNA from marine organisms closely related to V. harveyi. The chromosomal replication origin region is expected to be highly conserved in related marine bacteria just as it is among members of the Enterobacteriaceae. (ii) Only plasmids in this class replicated in the in vitro oriC-specific initiation system, in a manner dependent on the presence of dnaA protein (ref. 12; R. Fuller, J. Kaguni, and A. Kornberg, personal communication). (iii) Subsequent sequence determination showed that this V. harveyi origin is homologous to the E. coli chromosomal DNA replication origin. This sequence analysis locates the V. harveyi oriC between protein coding regions similar to those flanking the E. coli origin. This class of plasmids contains a high copy lethal (HCL) gene, as do certain other oriC-containing plasmids (13) . The V. harveyi HCL gene, however, appears to be unrelated to the HCL gene(s) linked to oriC in species of the Enterobacteriaceae family (13) .
MATERIALS AND METHODS
Bacterial Strains and General Procedures. The E. coli strains used for cloning (13) ; growth conditions for V. harveyi B392 (14) , other marine organisms (15) , and E. coli (16) ; selection of antibiotic resistance (16) ; genetic procedures (16) ; and DNA isolation techniques (6) have been described.
Restriction Endonuclease Digestion, Plasmid Construction, and Gel Electrophoresis Analysis. Reaction conditions for restriction endonucleases and phage T4 DNA ligase (Bethesda Research Laboratories) were previously described (16) . Molecular weights of plasmids and restriction fragments were determined by using either agarose or polyacrylamide gel electrophoresis (16 
RESULTS
Isolation and Properties of the V. harveyi Origin of Replication. The previously described procedure (6, 13) using the ColE1-like cloning vehicle pMK2004 (23) was used for cloning V. harveyi DNA sequences that act as origins. Restriction endonuclease analysis of the isolated plasmids divided these DNA sequences into three classes, represented by pNH23, pNH24, and pNH26 (Fig. 1A) . The V. harveyi Sal I fragments were recloned, using the nonreplicating Sal I restriction fragment of 5.6 kilobase pairs (kbp) containing the kan gene from plasmid pDF11 (23) , thereby confirming that these fragments carry functional origins. Plasmids in all three classes were unstable; in approximately five generations, 50% of the cells had lost the plasmid in the absence of selection.
When used as probes, none of the plasmids hybridized to the E. coli oriC region (Fig. 1, lanes e) . Also, none of the plasmids complemented E. coli asnA or uncB mutations, genes known to bracket other bacterial origins (4, 6, 13, 25) . However, the inability of the class of plasmids carrying the 6.0-kbp insert, represented by pNH23 ( Fig. 1) , to transform E. coli polA' strains is shared by certain oriC-containing plasmids from E. coli, Enterobacteraerogenes, and K. pneumoniae (13) . In particular, the unc promoter plus the first few genes of the unc operon, located near otiC, confers lethality on cells when many copies of the region are present. The plasmid pNH23 is maintained at an apparent low copy number (1-2 per cell, data not shown) in polA- One of the original plasmids isolated, pNH25, was shown to have an insertion in the HCL gene of pNH23. This insertion introduces a new Sal I restriction site and inactivates the conditional lethality of pNH23. This interesting spontaneous insertion derivative illustrates the need to use a low copy number plasmid as a cloning vehicle for cloning HCL genes, or any nearby genetic element. When a high copy number cloning vehicle is used, the only plasmids recovered would be those in which the lethal region has in some way been inactivated, such as in pNH25.
DNA from marine bacteria closely related to V. harveyi (10, 26) is expected to cross-hybridize to the V. harveyi oriC region. Plasmid pNH23 hybridized to DNA from V. harveyi, two Photobacterium species, and V. fischeri; however, pNH24 and pNH26 hybridized only to DNA from V. harveyi (Fig. 2) . Thus, only the pNH23 class of plasmids is homologous to DNA in species related to V. harveyi.
The plasmids pNH24 and pNH26 appear to be derived from cryptic prophage in the V. harveyi chromosome rather than from resident plasmids. No plasmids have been detected in V. harveyi B392 except for a 1.6-kbp plasmid-like band observed in an Eckhardt gel (27) ; no cross-hybridization of this band with pNH23, pNH24, or pNH26 was detected.
Although (Fig. 3A) . In vitro transcription-translation experiments (21) with these plasmids' tested whether or not a polypeptide is encoded in the region of the deleted DNA (Fig.  4) . Three polypeptides (molecular weights 58,000, 50,000, and 10,000) were observed with pNH23 as template (Fig. 4 , lane c) that are not encoded by the cloning vehicle pMK2004 (Fig. 4,  lane h) .
The 58,000 Mr polypeptide is the only polypeptide absent whenever pNH23-derived plasmids that transform E. coli polA+ strains are used as templates (Fig. 4, lanes d, e, f, and  g ). Overproduction of this polypeptide apparently causes the lethality at high copy number observed with pNH23. A gene found in this region in E. coli is trkD (25) ; however, an E. coli trkD mutant is not complemented by this region of V. harveyi DNA. Because the molecular weight of this polypeptide is different from the molecular weights of any of the eight polypeptides encoded by the unc operon (Fig. 4, lane a) or of any polypeptides encoded by the E. coli oriC-containing plasmid pAL1 (ref. 24 ; Fig. 4, lane b) , the-HCL gene on pNH23 is apparently differentfrom the HCLgene(s)carriedbypAL1 (13) .
Analysis of these deetion plasmids shows that the gene encoding the 50,000 Mr polypeptide must be at the left end of the Sal I fragment in pNH23 (Fig. 3A) . This coding region replaces the comparable colinear position in E. coli of the asnA gene, which encodes asparagine synthetase of 39,000 Mr (25) . E. coli has two asparagine synthetase genes, asnA and asnB (25) (Fig. 3A) , 244 of 357 nucleotides, or 68%, and 98 of 119 amino acids, or 82%, are identical in the amino termini of the V. harveyi and E. coli gid genes and polypeptides. Inclusion of the V. harveyi oriC Sequence in the Consensus Sequence. The approximate location of oriC within the 6.0-kbp Sal I fragment was determined from deletion plasmids of pNH23 that retained oriC function, the smallest being pJC238 (Fig. 3A) . When the 178-bp Bgl II fragment was deleted from pJZ58 ( Fig.  3B) , the resulting plasmid, pJZ61, no longer transformed E. coli polA-strains, indicating loss of oriC function.
The strategy for determining the nucleotide sequence of the V. harveyi origin is shown in Fig. 3B . The nucleotide sequence of the V. harveyi origin region is compared to the nucleotide sequences of the origin regions from five enteric bacteria in Fig.  5 , which shows a consensus sequence deduced from these six oriC sequences. The six sequences were aligned to minimize the number of nucleotide changes, insertions, or deletions. All six origins, including the Erwinia carotovora oriC (R. Fuller, J. Kaguni, and A. Kornberg, personal communication), initiate replication in E. coli cells and are dnaA-dependent templates (ref. 13 and this paper) in the oriC-specific in vitro initiation system (12, 28 (34) of 245 bp (Fig. 5) . Although the extent of homology of the V. harveyi origin is less than that of the other bacterial origins to the E. coli origin, the nucleotide differences are grouped in clusters similar to those found previously (4-7).
One group of conserved clusters identifies four interrelated 9-bp repeats (7), underlined with arrows in Fig. 5 . The inverted repeats R1 and R4 (Fig. 5 ) may be essential in the formation of intrastrand secondary structure within the origin. The helix formed between these two repeats has the lowest free energy of any dyad repeat within five of the minimal oriC sequences and is the second lowest in that of V. harveyi.
Oka et al (34) , by relating a series of plasmid deletions to oriC function, delimited the size of the functional oriC of E. coli to between 237 and 245 bp (Fig. 5, box) . Because the two As to the left of the box and the A to the right of the box are conserved in all six oriC sequences, they may be important nucleotides with respect to replication initiation, especially when oriC is functioning in the chromosome rather than on a plasmid.
To best align the oriC sequences from the six different species, a few relative deletions are introduced; all of these are within the first 35 nucleotides of the minimal sequence. With the V. harveyi oriC sequence, we include an insertion of two nucleo- 5 . Consensus sequence of the minimal origin of the bacterial chromosome. The consensus sequence is derived from six bacterial origin sequences, those of E. coli (2, 3), S. typhimurium (4), Enterobacter aerogenes (5), K. pneumoniae (5), Erwinia carotovora (6), and V. harveyi. The alignment of the six sequences is such that the least number of changes are introduced into the consensus sequence. The two bases inserted (at positions 239 and 240) and deleted (at positions 246 and 247) are counted as two rather than four changes for calculations in the text. In the consensus sequence, a large capital letter means that the same nucleotide is found in all six origins; a small capital letter means the nucleotide is present in five of the six sequences; a lowercase letter is used when that nucleotide is present in three or four of six bacterial origins but only two different nucleotides are found at that site; and where three or four of the four possible nucleotides, or two different nucleotides plus a deletion, are found at a site, the letter n is used. Bold large capital letters locate positions 149, 242, and 267, where single-base substitutions produce an oriC-phenotype inE. coli (31) . The arrow at position 166 represents the first ribonucleotide of a RNA transcribed by RNA polymerase in vitro (32) . The arrows ending between positions 71 and 72 and positions 107 and 108 mark the major RNA-DNA transition sites (33) . The directions of these three arrows show the direction of transcription. In the individual origin sequences, -means a deletion relative to the consensus sequence is present and . indicates that the nucleotide in the bacterial sequence is the same as the nucleotide in the consensus sequence. G-A-T-C sites are underlined in the consensus sequence and certain E. coli restriction sites are noted. The minimal origin of E. coli (34) is enclosed within the box. The numbering of the nucleotide positions is that used for E. coli (2, 3) , and the upper left end is the 5' end. The four related 9-bp repeats, R1, R2, R3, and R4, are indicated by the arrows, with the 5' to 3' sequence given below the arrow.
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tides followed by a deletion of two nucleotides between positions 139 and 147 so that the fewest changes are introduced into the consensus sequences. Nevertheless, the number of nucleotides between the positions 54 and 268 is exactly the same in all six sequences. This invariance in size suggests that a functional bacterial origin can tolerate no insertions or deletions within the entire region between nucleotides 54 and 268, independent of the local degree of nucleotide conservation.
Of the 245 nucleotides within the consensus sequence of the minimal origin, 122 are different in at least one species. In the clustering of these differences, the longest conserved length is 12 bp and the longest nonconserved length is 16 bp. Although insertions or deletions in the BamHI (at nucleotide 95), Ava II, or HindIII sites are oriC- (34) , nucleotides differ at every position in these sites. This result suggests that the role of the nonconserved clusters in oriC is to provide a specific distance, perhaps between binding sites of initiation proteins; their role may be similar to that of the nonconserved spacer region (35) in promoters, which is found between the conserved -10 and -35 regions.
The nucleotides at three positions in oriC have been found to be essential (31) and are located at positions 149, 242, and 267 (Fig. 5) . Single-base substitutions at these sites produce an oriCphenotype. Base substitutions in another oriC-mutant suggest that position 134 is also important (31) .
RNA polymerase is required for initiation of DNA replication at oriC (12, 36) , but the role of the synthesized RNA is unknown. Two studies have located transcription products within oriC. A RNA that is transcribed in vitro from within the minimal origin by RNA polymerase has been isolated (32) . The first nucleotide of this RNA is at position 167, with the direction of transcription from right to left (Fig. 5 ). In the second study, two transition sites from RNA to DNA within the minimal origin were detected in in vivo experiments (33) . These transition sites at positions 72 and 109 (Fig. 5) have the same polarity as the RNA mentioned above (32) and, therefore, may be termination sites for this RNA. This RNA may function as a primer for DNA synthesis in one direction.
Of the 14 G-A-T-C sites found within the V. harveyi minimal origin, 8 appear in the consensus sequence. The potential importance of the high frequency of the G-A-T-C sequence within oriC, a sequence specifically recognized and methylated by the E. coli dam methylase, is discussed elsewhere (4) . The adenine in G-A-T-C sites is methylated in V. harveyi DNA, although no hybridization of V. harveyi DNA with a dam-containing probe from E. coli has been detected (J. E. Brooks, personal communication).
Of the two regions directly adjacent to the origin, gid is the more highly conserved; gid is also more highly conserved than oriC. The as-yet-unknown function of this gene must, therefore, be important for the survival of the bacterial species studied here, even though a mutant with a deletion in this gene is viable (29) .
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